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ABSTRACT 



Context. Numerical simulations predict that minor mergers are an important channel for the mass assembly of galaxies. However, 
minor mergers are relatively difficult to detect using imaging, especially at high redshift. While such events are much less violent than 
major mergers, they can nevertheless leave several features on the kinematical structures of remnant galaxies which could be detected 
using 3D spectroscopy. 

Aims. We present the first direct detection of a minor merger in a z~0.6 galaxy. Such events could indeed be good candidates to 
explain the kinematics of perturbed rotating disks observed with GIRAFFE at z~0.6. 

Methods. We present photometric and kinematical evidence of such an event in a combined analysis of three-band HST/ACS imaging 
and VLT/GIRAFFE 2D-kinematics. 

Results. Using these data, we are able to demonstrate that a minor merger of a relatively small satellite (mass ratio ~ 1 : 18) is occurring 
in this galaxy. We also derive a total SFR of ~21Mo/_yr. 

Conclusions. Minor mergers could be one of the physical processes explaining the kinematics of perturbed rotating disks, which 
represent ~25% of emission line intermediate mass galaxies at z~0.6. 3D spectroscopy appears to be a very good tool to identify 
minor mergers in distant (and local) galaxies. 

Key words. Galaxies: evolution; Galaxies: kinematics and dynamics; Galaxies: high-redshifts; galaxies: general; galaxies: interac- 
tions; galaxies: spiral. 



1. Introduction 

Minor mergers are usually defined as the merging between two 
galaxies with a mass ratio smaller than 1:3 to 1:5. Hence, during 
a single minor merger event, the amount of stellar mass added to 
the main progenitor remains negligible. However, cosmological 
simulations predict that minor mergers are on e order of magni- 
tude more frequent than major mergers (e.g., iKhochfar & Silk 
l2QQ6l) : Moreove r, they can be responsible for in situ star for- 
mation episodes (IWoods et al.ll2QQ6l:IWoods & Gellejl2QQ7h dur- 
ing the interaction. Therefore, minor mergers are thought to be 
an important channel for the galaxy mass assembly, even pos- 
sibly the dominant contributor for intermediate mass galaxies 
(iGuo & Whitdl2QQ7h . 

Contrary to major mergers, minor mergers are much less vi- 
olent dynamical processes since they do not destroy the disk 
of the main progenitor. Nevertheless, minor mergers can re- 
sult in several important imprints on the morphological and 
kinematical structure of the remnant: they can thicken the disk 
of the main progenitor by increasing its vertical scale-length 
and velo city dispersion, as fou nd both in n umerical simulations 
(iToth & Qstriker 1992; Walke r et al.lll996l: I Velazque z & Whitd 
11999 1: iBournaud et al. 2005; Robertso n et al.i.2006) and obser- 
vations ( Schwarzkopf & Dettmar 2000). They are believed to 
)lay an important role during the formation of thick disks (e.g.. 
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lYoachim & Dalcantoa2006) , and they could also explain several 
other structural properties of spiral galaxies, suc h as the forma- 
tion o f anti-truncated surface brightness profiles (lYounger et al.l 
120071) . or activation of bars (Laine & He ller 19991) . 
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In spite of their possible cosmological importance and influ- 
ence on galaxy structure, relatively few studies have focused on 
minor mergers. Statistical studies aiming at identifying an im- 
portant number of minor mergers in large photometric surveys 
rely on counts of galaxies in pairs which have a large diflTer- 
ence in a red band magnitude, used as a proxy for the stellar 
mass. One of the main difiiiculty encountered is then the high 
frequency of false pairs due to the large number of background 
galaxies, which makes it necess ary to have spectr oscopic con- 
firmations for both progenitors (IWoods et al.l 12006). Moreover, 
once the minor progenitor gets too close to the main progenitor, 
it becomes difl&cult to separate both objects using imaging alone, 
especially at high reds hift. Ther efore, detailed studies of minor 
mergers are quite rare (Laine & H eller 1999). 

Another route for identifying on-going minor mergers may 
be to use 3D spectroscopy. Using GIRAFFE at the VLT, 
"Yang et al.l ([2007) studied the 2D-kinematical properties of a 
complete sample of 63 z~0.6 galaxies, which are representa- 
tive of Msteiiar >1.5 lO^^M© cmission line (EWo([OII]) > 15A) 
galaxies. Interestingly, they have classified 25% of these objects 
as "perturbed rotating" galaxies (PR): their kinematics shows all 
the features of a rotating disk, but with a peak in the velocity 
dispersion map shifted away from the dynamical center. These 
local perturbations cannot be reproduced from the rotation pat - 
terns, and thus cannot be attributed to rotation ( Yang et al. 20Q7|). 
They might illustrate a possible minor merger event, which does 
not aflTect the disk stability, but has an expected signature in the 
cr map. 

Other studies have also revealed the existence of morpholog- 
ically and/or kinematically disturbed galaxies at higher redshifts. 
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Fig. 1. Three bands HST/ACS imaging of J033226.23-274222.8 
(~0.03arcsec/pix). The B band is coded in blue, the V band in 
green, and the z band in red. The FoV is 16x16 arcsec^; North is 
up. East is left. The contrast has been optimized by hand. White 
circles indicate the position of low surface brightness debris. 
The position of the infalling satellite is indicated by a red cir- 
cle. Upper-right Inset: B-z color map of J033226. 23-274222. 8 
from HST/ACS imaging. The FoV is a ~4.3x2.5arcsec^ zoom 
on J033226.23-274222.8. 

iForster-S chreiber et al.' ('2006') have obtained 3D spectroscopy of 
several z~2 galaxies among which some also show off-centered 
cr peaks in relatively well-ordered VFs. However, all these stud- 
ies (including GIRAFFE) are seeing limited, and the physical 
process responsible for such off-center ed cr peaks reni ains un- 
clear, even when using adaptive optics (iLaw et al.ll2007|) . In this 
letter, we present what is, to our knowledge, the first direct evi- 
dence for the detection of a minor merger at high redshift. This 
object (J03 3226.23-274222.8) has been classified as a PR by 
lYang etal.1 12007) and is thus an ideal case to test the possibility 
that minor mergers could be a viable process explaining PR kine- 
matics. This letter is organized as follows: Sect. 1 presents the 
general properties of J033226.23-274222.8; Sect. 2 details the 
kinematical evidences for a minor merger event in this galaxy; 
Sect. 3 gives some estimates for the mass and the star forma- 
tion rate; A conclusion is given in Sect. 4. We adopt //o=70 
km/s/Mpc, Qm=0.3, and Qa=0.7, and the AB magnitude system. 

2. General properties 

In Fig. [TJ we show a B-V-z composite HST/ACS image, 
which presents an extended view of J033226. 23-274222. 8. 
J033226.23-274222.8 is a late-type spiral galaxy with a small 
red central bulge (B/T=0 .05) and an e xtended disk (half light 
radius Rhaif =9. 47kpc, see lNeichel et al.ll2007>) . One can note an- 
other galaxy located ~5 arcsec SSE: unfortunately, we were not 
able to retrieve any valuable redshift information for this galaxy, 
but the presence of a lot of debris surrounding J033226.23- 
274222.8 suggests that these two galaxies might be in the first 
stage of an interaction. 

The B-z color map (see inset in Fig.[T]) reveals a central small 
bulge with a color similar to that of a passively evolved E/SO 
galaxy, as well as several small (~1 kpc) blue regions located in 
the disk outs kirts; they have colo rs consistent with star-bursting 
regions (see iNeichel et al.l [20071 for details), which suggests a 



progressive inside-out build-up of the disk. At the North side of 
the bulge, one can note a more extended (~2kpc) blue region (see 
the red circle). This region shows a tail oriented close to West, 
and is significantly redder and larger than other HII regions, 
which favors the idea that this region is a small infalling satel- 
lite, rather than another HII region. We suspect that this satel- 
lite is part of the system of blue debris surrounding J033226.23- 
274222.8, which would be infalling onto it with a trajectory as 
suggested by the orientation of the tail. 

3. Kinematical evidence for a minor merger 

In Fig. [21 we have superimpos ed the VF and the cr-map derived 
from GIRAFFE observations (lYang et al.l l2007h on the B-V-z 
composite ACS image. Aligning ground-based IFU data with 
space imaging requires accurate astrometries. In ACS images, 
astrometry is derived using the GSC2 catalog, with a residual 
rms uncertainty on both Ra and Dec of 0. 12 arcsecQ. On the other 
hand, GIRAFFE observations are prepared using the USNO cat- 
alog (see Flores et al.l l2006). During observations, 4 FACB stars 
are used to align the GIRAFFE plate (where IFUs are posi- 
tioned), with the sky coordinate system: systematical offsets be- 
tween the USNO catalog and the observational system are then 
minimized. The random residual error on this correc tion is es- 
timated to be less than 0.15 arcsec rms (IPasquini et aPbOO^ . 
Using Skycat on the original z-band large field image (corre- 
sponding to the GOODS section #34), we picked astrometry for 
the 1 1 stars common to both GSC2 and USNO catalogs. We used 
them to derive the mean offset between the two catalogs, and cor- 
rect the position of the IFU relative to ACS images: this correc- 
tion is — 0. 1 1 arcsec in RA, and ~0.04 arcsec in Dec. Combining 
the rms residual uncertainties from both catalogs, we derive a 
conservative -0.23 arcsec residual random uncertainty on the 
position of the IFU relatively to ACS images (see the scale-bars 
in the bottom-left corners), i.e., close to half a GIRAFFE pixel 
(0.52 arcsec/pix). 

Figure [21 shows a regular VF with no apparent perturbations, 
especially close to the infalling satellite. However, given the lim- 
ited spatial resolution of GIRAFFE, only very large-scale devia- 
tions are detectable and we cannot exclude the presence of non- 
detected small scale perturbations in th e VF. We ha ve measured 
the photometric PA using Sextractor (iBertin & A rnouts 1996) 
on the ACS z-band image, and have found PAphot ~22±2deg 
(relative to the right side of Fig. [2l counterclockwise). This 
is very close to the outer dynamical axis (simply defined as 
the line connecting Vmax and Vmm), with PAkin ~18±9deg. We 
also note a progressive twist in the isovelocity contours, which 
might indicate a possible warp in the gas disk. Warps are a 
common feature of HI disks, although at much larger radii 
(Binnevl [T992b . but are also observed in a very large fraction 
of stellar disks (Reshetnikov & Combes 1998). Interestingly, 
Schwarzkopf & Dettmar ( 2001) found that tidal interactions and 
minor mergers contribute considerably to the formation and size 
of warps. However, we find that spatial resolution issues could 
account for at least part of this twist. Of note, using the IRAF 
ellipse task, we find a progressive twist of the (z-band) isopho- 
tal ellipses between Rhaif and 2Rhaif, from ~30deg to ~20deg, 
respectively. Thus, it remains unclear whether or not this twist 
truly reflects a warp. 

At the GIRAFFE spatial resolution (seeing -0.8 arcsec), 
undisturbed rotating disks should present a peak in their cr-maps, 
close to the dynamical center. Indeed, the velocity dispersion 

^ http://archive.stsci.edu/pub/hlsp/goods/vl/h_goods_v 1 .0_rdm.html#4.0 
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Fig. 2. Top panel: Closer view of J033226.23-274222.8, which 
has been rotated to be ahgned with the GIRAFFE IFU compared 
to Fig. [T] (contrast has been optimized by hand). The two elHp- 
tical apertures used to estimate the stellar mass ratio between 
the two galaxies are shown in red for the main progenitor, and 
in blue for the infalling satellite (see § 4.1). Middle and bottom 
panels: Three bands ACS imaging of J033226.23-274222.8, su- 
perimposed with the GIRAFFE velocity field (middle), or cr-map 
(bottom). The IFU bundle is overlaid in white dashed lines (0.52 
arcsec/pix). Note that a S/N=3 threshold is used to limit mea- 
surement uncertainties, which explains why kinematical data do 
not extend over the whole IFU FoV. Contours range approxi- 
matly from -155 to 130km/s with a 15km/s spacing for the VF, 
and from 14 to 73km/s with a 4km/s spacing for the velocity 
dispersion map. 



measured within one GIRAFFE pixel is the convolution between 
random motions occurring at small spatial scales, and integrated 
larger scale motions (rotation) which enlarge the emission line 
profile. Thus, because of the rising part of the rotation curve 
around the dynamical center, one expects this region to be dom- 
inated by the latter. This translates into a peak in the 2D a- 
maps of regular r otating disks, located at the center of rotation 
(lYang et al.ll2007 ). In the case of J033226.23-274222.8, because 
of the relatively coarse spatial resolution of GIRAFFE, this cen- 
tral peak is spread over two pixels located around the red bulge 
(see Fig.O. 
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Fig. 3. GIRAFFE spectra in the IFU pixels surrounding the peak 
of the (T map (here in the upper-middle panel). Observed sky- 
subtracted spectra are plotted in black, while the [Oil] emission 
line fits are in red. The corresponding cr and its associated un- 
certainty are indicated in each pixel, together with the level of 
significance of the diff'erence with the a peak. The probability 
that the diff'erence is significant is indicated into parenthesis (see 
text). Spectra have been smoothed for ease of visualization. A 
typical l-cr error bar due to photon noise is represented in each 
upper-right corner. 



As noted in the introduction, 25% of the GIRAFFE galaxies 
show regular rotating VFs but do not show such a cr peak at their 
dynamical center. Instead, the cr peak is found in the disk region, 
as observed in the case of J033226.23-274222.8, with a peak of 
66km/s located one GIRAFFE pixel left of the infalling satellite. 
In Fig. [3l we plot the corresponding IFU spectrum and those in 
adjacent pixels. One can derive the level of significance of the 
diff'erence between the peak and the dispersion measured in the 

neighbor pixels using (CTpeak-Crneighboor)/ ^i^^^leak^^^leighboor)^ 

where Scr is the uncertainty associated with cr. In doing so, we 
assume a one-sided Gaussian dis tribution for the r elative uncer- 
tainty on the cr measurement (see lYang et al.ll2007l) . A high level 
of significance is found for the diff'erence between the peak and 
all the surrounding pixels. We also do not see any special vari- 
ation of the standard deviation of the fit in this pixel compared 
with neighboring ones. Thus, it is unlikely that the cr peak results 
from artefacts due to S/N eff'ects or to sky residuals. 

Such an off'set between the gas cr peak and the stellar mass 
distribution of the infalling satellite could simply result from 
a decoupling between stars and gas, as o bserved in numeri- 
cal simulations of such interactions (e.g., iHernquist & MihosI 
199 5). In this context, the cr peak would correspond to the lo- 
cation of the shock between the gas stripped away from the 
infalling satellite and the gas of the main progenitor, which 
would lead to an increase of cr, as observed numerically (e.g., 
iRobertson et al.ll2QQ6l) . Noteworthy, simulations of giant molec- 
ular clouds show ho w shocks can g enerate a velocity dispersion 
cr[km/s] ~ L[/?c]i/2 (iBonnell et al.ll2006h . where L is the spatial 
scale of interest (i.e., at which cr is measured). Assuming that 
this relation can be extrapolated to galactic scales, one finds that 
at the scale of a GIRAFFE pixel (~3.6kpc), the shock-generated 
cr would be ~60km/s, which is consistent with the peak value. 
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4. SFR and mass estimates 

4.1. Stellar and dynamical mass 

In iPuech et aP (I2007bh . we derive a rotational velocity Vrot = 
200km/s, corrected for inclination and spatial resolution effects. 
Following iPuech et"aD (HoOTa), we estimate the V/cr ratio in the 
disk to be -8 .8+1.8, compatib le with a thin late-type rotating 
disk (see also iFathi et al.ll2Q07 l). We can thus assume full rota- 
tional support, which leads to a total dynamical mass within the 
optical radius (~ 2Rhaif), Log^MdynlMo) ~ 11. It is however not 
possible to derive a direct estimate of M^yn for the accreted ob- 
ject because the cr peak probably traces shock heating rather than 
gravitational motions, since it does not correspo nd to the un der- 
lying mass distribution (see discussion in Colina ^tani2005h . 

On the other hand, it is possible to derive a rough estimate of 
the stellar mass ratio between the two progenitors, by defining 
two elliptical apertures on the z-band image, the reddest image 
at our disposal. For the main progenitor, we used directly the el- 
liptical aperture returned by Sextractor. For the infalling galaxy, 
we defined an elliptical aperture by hand, guided by the B-V-z 
image (see Fig. [2]). We then estimated the stellar mass ratio be- 
tween the two progenitors by simply deriving the ratio between 
the counts obtained within the respective apertures. Finally, we 
corrected this by the V-z color diff'erence between the two pro- 
genitors (-0.24), which we approximate t o the u-g color at rest. 
Using the stellar mass calibration given bv lBell etal.l(l2003h . we 
find a final mass ratio of -1:18. 

Following iRavikumar et al.l (l2007h . the stellar mass for the 
two progenitors is Log{M stellar I Mq) = 10.72, which leads 
to Log{M stellar I Mq) - 10.7 and Log{M stellar I Mq) = 9.5 for 
the main and minor progenitors respectively. Of note, this 
correspond for the main progenitor to a Mste iiar/Mdvn ^0.5, 
which is in the range of values measured by IConselice et al.l 
(l2005h . Moreover, J033226.23-2 74222.8 follo ^ ys the relation 
Mdyn = ^O'^'^^^lteiiar ^^^^ iRcttura ct al.l (l2006h : assum- 
ing that this relation can be extended to galaxies having 
Log(M stellar /Mq) <10, a stellar mass ratio of 1:18 leads to a 
dynamical mass ratio of -1:37. We are thus quite confident that 
we are in the presence of the accretion of a relatively small satel- 
lite. 

4.2. Star formation rate 

We first use the 24/dm MIPS DR-3 data to derive the dust- 
obscured SFR//?. At z=0.6679, this flux r oughly corresponds to a 
rest- frame IS/im flux: we can thus use the lCharv & Eiba3 (l200lh 
calibration to derive the total IR luminosity Ljr, and then use the 
classical Kennicutt (1998) calibration between Ljr and SFR//?. 
We find SFR//? = 1 7. 5 Mo/_yr, corresponding to /24;^,7t = 91.7 fiJy. 
To det ermine the unobs cured SFR^/y, we used the UV calibra- 
tion of lKennicuttl(ll998h . usinR the rest-frame 2800A luminos- 
ity. We find M2800 = -20.12, leading to SFRuv = S.lM^/yr. 
We thus find a total SFR^^^=SFRf/y-hSFR//? - lO.lMe/yr. 
Assuming a constant SFR during the disk build-up, and ne- 
glecting the contribution of the bulge to the total stellar mass 
(B/T=0.05), we can roughly estimate a timescale for the forma- 
tion of the disk using M stellar/ ^^^tot ~2.5Gyr. 

We used the B-z colormap to define star-burst ing regions in 
the disk and the satellite as those having B-z<l (iNeichel et al.l 
1200 7). We find that the satellite star-bursting regions represent 
-15% of the B-band flux located in all star-bursting regions of 
the disk (satellite excluded). Moreover, the ratio between the ob- 
scured and unobscured SFR is -5.5, which is lower than the me- 



dian ratio found in .4<z<l star-burst galaxies (-13, see, e.g., 
iHammer et al.l 1200 5*): assuming there are no completely dust- 
obscured star forming regions, this leads us to a contribution of 
HII star-bursting regions to SFR^^,^ of -85%, corresponding to 
-17.6Mo/3;r. Therefore, the SFR enhancement due to the satel- 
lite would be - 3.1Mo/yr, which is co mparable to what is found 
in observations (I Woods & Genejl20Q7l) . 



5. Conclusion 

In this letter, we have presented the first detection of a minor 
merger at high redshift (z=0.6679). Using ACS imaging, we 
identified an infalling satellite onto a late-type spiral. Gas kine- 
matics reveals a velocity field with no large-scale perturbations, 
except a twist in the isovelocities which might indicate a possible 
warp of the gaseous disk. Such a warp is also seen in the stellar 
disk, using photometric isophotes. The gas cr-map shows a peak 
off'-centered from the dynamical center, and close to the infalling 
satellite. Such a peak cannot be attributed to rotation and is inter- 
preted as the signature of shock-heated gas during the collision. 
We derive a total SFR-21M0/jr and a rough stellar mass ratio 
estimate - 1 : 1 8, in agreement with this kind of events. Therefore, 
J033226. 23-274222. 8 seems to be the first detection of a minor 
merger at z- 0.6, and more generally at high redshift. This study 
demonstrates that using 3D spectroscopy appears to be a promis- 
ing tool to identify minor mergers, both in nearby and distant 
galaxies. Finally, minor mergers are a good candidate to explain 
the kinematics observed in perturbed rotating galaxies, which 
account for 25% of emission line intermediate mass galaxies at 
z-0.6. 

Acknowledgements. The authors wish to thank an anonymous referee for useful 
comments and suggestions. 
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